The only II-VI/II-VI wide band-gap heterojunction to provide both good lattice match and pand n-type dopability is CdSe/ZnTe. We have carried out numerical simulations of several light emitter designs incorporating CdSe, ZnTe, and Mg alloys. In the simulations, Poisson's equation is solved in conjunction with the hole and electron current and continuity equations. Radiative and nonradiative recombination in bulk material and at interfaces are included in the model. Simulation results show that an n-CdSe/p-ZnTe heterostructure is unfavorable for efficient wide .' band-gap light emission due to-recombination in the CdSe and at the CdSe/ZnTe interface. An n-CdSe/MgXCdl -$e/p-ZnTe heterostructure significantly reduces inter-facial recombination and facilitates electron injection into the p-ZnTe layer. The addition of a Mg,Zni -YTe electron confining layer further improves the efficiency of light emission. Finally, an n-CdSe/ Mg,Cd, +Se/Mg~ni -,,Te/p-ZnTe design allows tunability of the wavelength of light emission from green into the blue wavelength regime.
I. INTRODUCTION
A fundamental problem in fabricating wide gap binary II-VI light-emitting diodes (LEDs) has been the inability to obtain both n-and p-type doping in these materials by conventional doping techniques. Recently, this limitation has been partially overcome by nitrogen plasma doping to producep-ZnSe with hole concentrations up to lOi* crnw3.1 Although such doping has led to the demonstration of the first blue-green laser diodes,2 hole concentrations are still not high enough to afford ohmic contacts to p-ZnSe. Thus, the realization of highly doped p-ZnSe is still a major obstacle to the further development of ZnSe based LEDs and laser diodes. An alternative solution to the dopability problem is to use a heterojunction formed between a naturally n-type and a naturally p-type material.
In this paper, we examine the simulation and design of II-VI heterostructure LEDs based on n-CdSe and p-ZnTe. We choose these two semiconductors because of their favorable dopability and close lattice match. The driftdiffusion model, modified to account for heterojunctions, is used in our simulations. To determine LED design feasibility, bulk and interfacial recombination are included in the model. Details of the model are given in Sec. II. Some of the more important parameters accounted for in the design process are band offsets, lattice mismatch, dopability, and interfacial effects. Where unknown, band offsets used in the simulations are estimated using the common anion rule.3 We emphasize here that the simulation results are not dependent on the validity of this rule, as demonstrated in one simulation in which an undesirable deviation from the common anion rule is used. Details of the design methodology are discussed in Sec. III. Simulation results "Now at Department of Electrical and Computer Engineering, University of California, San Diego, La Jolla, CA 92093.
are presented in Sec. IV. A simple CdSe/ZnTe heteroiunction is first presented, followed by a CdSe/MgXCdl iSe/ ZnTe heterostructure design utilizing a graded injector to facilitate electron injection.4 Next, a design incorporating a Mg,Zn, -,Te electron confhiing layer is presented. Finally, a device design that allows tunability of the wavelength of light emission from green to blue is proposed and analyzed. Section V concludes the paper.
II. MODEL
In our simulations, we use the drift-diffusion transport equations to solve for the CBE and VBE, as well as the charge and current densities. For a homostructure, the basic equations to be solved in the drift-diffusion model are Poisson's equation, the electron and hole current equations, and the electron and hole continuity equations. In one dimension, assuming steady-state conditions and spatially constant temperatures, these equations are dE e -j-g=; cp--n+N$-N,->,
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where E is the electric field, n andp are the electron and hole concentrations, and E is the dielectric constant. D, p, and j refer to the diffusion constant, mobility, and current density, respectively, where the subscripts p and n refer to holes and electrons, respectively. B is the probability for radiative recombination, and U is the indirect recombination rate, described in detail below. Nd+ and N; are the concentrations of ionized donors and acceptors given by A+ Nd (7) where E,, and Esp are the electron and hole quasi-Fermi levels, respectively. The electron and hole quasi-Fermi levels are determined from the carrier concentrations using standard Fermi-Dirac statistics.
The van Roosbroeck-Shockley method of equating equilibrium band-to-band recombination and absorption rates5 is used to estimate B. The optical absorption coefficient required for this calculation is determined as detailed in Ref. 6 . The final expression for the radiative recombination rate is B= kbTc2~+nzh))3'2 2 (iii+;+&)% (*I where n, is the index of refraction, Eg is the band gap of the semiconductor, e. is the permittivity of free space, and c is" the speed of light in vacuum. The indirect recombination rate U for a single trapping level is given by standard Shockley-Read-Hall statistics' U= np-nf (P+P&,+ (n+nhrp' (9) where r, and rP are the electron and hole lifetimes, and nl and p1 are given by nl =N, exd (Et--EJ&Tl,
N, and N, are the effective densities of states for electrons and holes, respectively, and Et is the energy of the trap level. ~ To model heterostructures, Eqs. (l)-(5) must be modified slightly. 8P9 The modified eq uations are as follows:
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where x and Eg are the electron affinity and band gap of the semiconductor. ub and Vi refer to the bulk and inter-facial recombination rates. The physical interpretation of the additional heterostructure terms in Eqs. (12)- ( 16) is given below. More detailed derivations and discussions of the above heterostructure drift-diffusion equations can be found in Refs. 8 and 10. The last term in Eq. (12) simply imposes continuity of displacement at the interface between two different materials. The second term on the right-hand side of Eqs. (13) and ( 14) is a drift component due to what is labeled a quasi-electric field for holes or electrons.10"' The hole quasi-electric field, (17) is an additional field influencing holes in graded regions and at interfaces, where the valence band has an additional slope due to valence-band offsets (VBO) between the materials in question. Similarly, electrons feel a quasi-electric field, due to conduction-band offsets (CBO). Known or estimated band offsets are used to determine the positional variation of the electron atlinity. The last term of Eq. ( 13) is a diffusion-like term resulting from a position-dependent effective density of states (DOS). This term causes holes to diffuse from regions of low DOS to regions of high DOS. A similar term appears in Eq. ( 13) for electrons. The bulk recombination ub is given by Eq. (9). Finally, an additional interfacial recombination term has been added to Eqs. ( 15) and ( 16), since interfacial recombination can have a significant effect on heterostructure device operation. The interfacial recombination due to trap levels produced by dangling bonds was implemented using a modified Shockley-Read-Hall mode1,9P'2 as given below: (22), S, and SP are the surface recombination velocities for electrons and holes, respectively, vu, is the thermal velocity, NZt is the trap density per unit area, a,, and ap are the capture cross sections for holes and electrons, respectively, al and a2 are the lattice parameters of the two semiconductors comprising the interface, and t is the thickness of the interface between the two semiconductors. Note that Eq. (19) assumes a single trap level at midgap, and Eq. (22) assumes that the growth is in the [loo] direction, and that all of the lattice mismatch be-tween the two semiconductors comprising an interface is taken up by dislocations and not by strain. In regions where part of the lattice mismatch is taken up by strain, Eq. (22) gives the upper limit for N,,
In regions of varying composition, X, the dielectric constant and effective mass are given by13 z&-x(~)+w-x~($+f),-
where x is the mole fraction of material 1. The band gap in graded regions can be modeled by14
where A is the band gap for material 1 and B and C are experimentally determined parameters. where E is the electric field, Nd and N, refer to donor and acceptor concentrations, respectively, and subscripts n and p refer to electrons and holes, respectively. N, a, E,, Vsat, and v, are experimentally determined parameters. These parameters are not generally known for the materials used in our d+ces, so as an initial approximation, we have used N, a, and E. as determined for GaAs. ,uo and ,u~ are determined by using the same ratio of p. to p1 as for GaAs, while constraining p* equal to experimental values of mobility in our materials for zero field and low-doping concentrations. The high-field saturation velocities V,,, and v,, are set to one-half the peak velocities estimated from E. and p*. While not ideal, the method outlined above will give, to first order, trends in the change in mobility with respect to variations in field strength and doping concentration. It is necessary to include field dependent mobilities in the model, because in regions with high fields the ratio of diffusivity to mobility becomes large. If the decrease in mobility with increasing field is not accounted for, unrealistically large diffusion constants will result. Open triangles and squares represent semiconductors that cannot be doped n or p type, respectively, using conventional doping techniques. The zero of energy is chosen to be the VBE of GaAs.
As mentioned above, in regions of high carrier concentrations, the ratio of diffusivity to mobility can deviate significantly from kbT/e. If the original derivation of the drift-diffusion equations from Boltzmann's equation is done without assuming Boltzmann statistics, then the following general form of Einstein's relation is obtained:"
where Fr is the Fermi-Dirac integral of order j, and 77 is (E,*n-Ec)/kbT for electrons, and (E,-Efp)/kbT for holes. Analytic expressions approximating were used to evaluate Eq. (29).
The numerical solution of Eqs. (12)- ( 16) was carried out using the relaxation method.** Successful implementation of this method relies on reasonable choices of scaling factors and initial guesses." Initial guesses were determined as in Ref. 20 . Variable mesh spacing was incorporated, with larger mesh densities used in regions of rapid potential variation. Finally, abrupt junctions were graded over a distance of a few angstroms to avoid numerical instabilities that are introduced by singularities at an abrupt interface. The simulation results do not depend on the grading distances of the interfaces as long as they are not unreasonably large. For example, shortening the grading distance of an interface causes only the individual derivative terms in Eq. ( 13) to increase in magnitude, with no net effect on the overall current density.
III. DESIGN METHODOLOGY
In the design of heterostructure devices, it is often useful to first examine a diagram which simultaneously exhibits lattice parameters, band offsets, and dopability for the materials of interest. We show such a diagram in Fig. 1 Fig. 1 , we note first that none of the wide band-gap II-VI compounds can be conventionally doped both n and p type, and only one, ZnTe, can be conventionally doped p type. Thus, it is logical that a wide band-gap LED design should incorporate ZnTe. Also, since interface states caused by dislocations can have severely detrimental effects on the electrical and optical properties of a device, it is highly desirable to have a device design that uses only nearly lattice-matched II-VI compounds. From Fig. 1 , we see that CdSe can be doped n type and has only a 0.4% e lattice mismatch to ZnTe. Thus, an n-CdSe/p-ZnTe heterojunction shows some promising characteristics for a wide band-gap LED. No other combination of II-VI compounds allows for both a small lattice mismatch and formation of a conventionally doped pn heterojunction. However, the experimental VBO between CdSe and ZnTe is 0.64 =!= 0.07 eV,23 with the ZnTe VBE higher than the CdSe VBE. Since the CdSe band gap is 1.74 eV, this gives a CBO of roughly 1.15 eV, resulting in a type II heterojunction which favors carrier injection into the smaller band-gap CdSe layer. 24 The simulations in the following section confirm that a simple n-CdSe/p-ZnTe heterojunction device suffers from interface recombination and hole injection. To try to improve on the simple CdSe/ZnTe device, we look first at another McCaldin diagram shown in Fig. 2 temperature band gap of roughly 3.5 eV. This is smaller than the MgTe band gap, which is unusual since typically, if two semiconductors have a common cation, then the semiconductor with the smaller anion will have the-larger band gap. Thus, we suspect that the MgSe band gap should be greater than 3.5 eV, which would be advantageous to our device performance. In our simulatio&, however, we use the less favorable of the two quoted values for the band gap of MgSe.
The predicted MgSe to CdSe VBO is such that a MgXC!dl-,Se ternary of the proper composition can have a zero CBO to ZnTe while maintaining a similar VBO as in a CdSe/ZnTe heterojunction. From Fig. 3 , we see that by grading from CdSe to MgXC!dl-,Se, we should be able to form a graded region that will facilitate electron injection into the ZnTe layer, while the VBO between Mg,Cd,-se and ZnTe will continue to block hole injection. This will hold as long as the VBE of MgXCdl-,Se is not more than a few tenths of an electron volt above the VBE of CdSe. Thus, the operation of this device is not very sensitive to the validity of the LCAO method or the common anion rule. This graded injector concept for wide band-gap light emission was first proposed in Ref. 4 . Details of the operation of this device and simulation results will be given in the following section. Figure 2 shows that a Mg-J?n* -,Te ternary has a large CBO and a small VBO to ZnTe. This allows us to use Mg$nl-,Te layers to confine electrons without affecting hole transport. Also, by forcing the bulk recombination to occur in a Mg$nl-,Te layer, we can extend the wavelength of light emitted from our device into the blue. The following section will examine in more detail the use of MgXZnl-,Te layers in wide band-gap LEDs.
IV. RESULTS AND DISCUSSION
A. CdSe/ZnTe
As discussed in Sec. II, an n-CdSe/p-ZnTe heterojunction has favorable lattice match and dopability characteristics for a wide band-gap LED; ,however, the band alignments in this heterojunction favor interfacial recombination over thermionic injection. In this section we will examine results from numerical simulations of an n-CdSe/p-ZnTe heterojunction, in order to determine the feasibility of such a device. All of the simulations presented below are done at room temperature. We assume a donor concentration of 1 X 1019 for n-CdSe and an acceptor concentration of 1 X 1017 cme3 for p-ZnTe. Ionized donor and acceptor concentrations are given by Eqs. ( 6) and ( 7). For the interfacial traps we assume a density of 1 X 10" cme2 and cross sections of 1 X lo-l4 cm! Figure 4 shows the -CBE and VBE-of a CdSe/ZnTe heterojunction at forward biases of 0.0 and 1.25 V. Figure  5 shows the electron and hole concentrations at these same biases. At zero bias, we note that both the CdSe and the ZnTe are depleted at the interface. As we apply a forward bias, the depletion width decreases, and at a large enough bias, electrons and holes begin to accumulate at the interface. Figure 6 shows the electron current densities at 0.75 and 1.25 V forward biases. Referring to Eqs. ( 15) and (16) we note that the slope of a current density plot at a given point gives a direct measure of the rate of recombination at that point. At a bias of 0.75 V, we see that all of the recombination occurs at the CdSe/ZnTe interface. At a higher bias of 1.25 V, all of the bulk recombination occurs in the CdSe region, indicating that holes are being injected into the CdSe layer rather than electrons into the wider band-gap ZnTe region. Thus, numerical simulations of an n-CdSe/p-ZnTe heterojunction explicitly demonstrate that this design will not produce efficient light emission in the wide band-gap ZnTe material. Instead, recombination in the CdSe and at the CdSe/ZnTe interface will dominate. rameters for the CdSe layer are the same as in the previous device. Two types of ZnTe are used in this simulation: an undoped ZnTe epilayer, and a rightly (1 X 1017 cme3> doped p-ZnTe substrate with an oxygen center 0.4 eV below the CBE.28P29 The oxygen center is needed to accurately model the substrates used in actual devices. The Mg,Cdi-,Se layer is graded from zero Mg concentration to a concentration such that there is no CBO to ZnTe (see Fig. 3 ). The VBO between MgSe and CdSe has not yet been measured experimentally; however, Harrison's LCAO method predicts a small VBO between the two materials. Since small changes in the CdSe/MgSe VBO do not significantly affect the operation of this device, we use the common anion rule in our calculations in the absence of experimental band offsets. For a MgSe band gap of 3.5 eV, this gives a value of 0.66 for x at the MgXCdl-,Se/ZnTe interface. The doping of the graded Mg,Cd,-,Se region is n type at the CdSe interface and undoped at the ZnTe interface. These doping parameters account for the likelihood that MgXCdl-,Se will not be dopable n type for high Mg concentrations. The thickness of the graded region was chosen to be 200 A. A thinner graded region decreases the accumulation of electrons near the CdSe/MgXCdl+Se interface, making electron injection more difficult, while increasing the thickness might prevent the graded MgXCdl -$e from beings coherently strained to the ZnTe. Figure 7 shows the CBE and VBE for this device at 0.0 and 2.0 V forward bias. Figure 8 gives the hole and electron charge densities at the same biases. At zero bias the Since the recombination rate is proportional to the slope of the current density, this figure shows that interfacial recombination dominates the device operation at lower applied biases, and that holes are injected into the CdSe at higher applied biases. ZnTe layer is depleted at its interface with the graded Mg,C!d, -,Se region, while electron accumulation occurs at the interface between the CdSe and the graded MgxCdl-$3e region. As a forward bias is applied to the device, the depletion width in the ZnTe layer decreases and eventually holes accumulate at the Mg,Cdr -$e/ZnTe interface. An important point to note here is that whereas in the CdSe/ZnTe device, electron and hole accumulation at the heterojunction.interface led to high rates of nonradiative recombination, in the graded device, electron and hole accumulations are spatially separated. This leads to a considerable reduction in the amount of nonradiative recombination that occurs at the interfaces. As we continue to increase the forward bias, Fig. 9 shows that electron injection occurs prior to any significant hole injection. Recall that the slope in the current density is a measure of the recombination rate, so the 'slope in j, on the right-hand side of Fig. 9 shows that injected electrons are recombining in the ZnTe material. Since the total current is constant throughout the device, the slope in jP is simply the negative of the slope of j,. Notice that interfacial recombination dominates the operation of the device only at lower voltages, and that bulk recombination begins to dominate at higher voltages.
The graded Mg,Cdr-,Se layer facilitates electron injection as follows. At zero bias, the barrier to electron injection is essentially the same in the graded device as it is in the CdSe/ZnTe device. As we forward bias the CdSe/ ZnTe device, the barrier to electron injection remains essentially constant, determined by the iixed CBO between the two materials. In the graded device however, as we apply a forward bias, more and more electrons accumulate within the graded Mg,Cdr-,Se layer. This accumulation of electrons causes the bands to bend downwards, as seen in Fig. 7 , thereby reducing the barrier to electron injection. Figure 9 shows the electron and hole current densities at 1.6 and 2.0 V forward bias. Very few of the injected electrons actually recombine in the ZnTe epilayer, since the diffusion length in ZnTe epilayers is much greater than the the thicknesses of the epilayers used in our devices. Most of the electrons recombine in the ZnTe substrate, which results in red light emission because of the oxygen center. Thus, for the purposes of high efficiency green light emission, and for laser applications, we need to be able to confine injected electrons to the ZnTe epilayer. The next design that we propose offers a method of implementing this.
C. Graded device with confining layer
To confine injected electrons to the ZnTe epilayer, we refer again to Fig. 2 . This figure shows that a Mg,Znr-,Te ternary will have a larger band gap than ZnTe with most of the difference going into the conduction band. We propose to insert a Mg,,Zni-,,Te confining layer between the ZnTe epilayer and the ZnTe substrate. Again, the VBO between MgTe and ZnTe has yet to be experimentally determined; however, the LCAO method predicts a small VBO which is desirable for our device operation. In our calculations, we assume a less favorable case with two thirds of the band offset going into the conduction band and one third in the valence band.
We do this to demonstrate that the performance of our devices is not highly dependent on the validity of the common anion rule. Using the MgTe band gap of 3.57 eV and choosing a conduction-band barrier height of 0.5 eV gives a value of 0.57 for y at the Mg,Zni-,,Te to ZnTe epilayer interface. The Mgyn,-,,Te confining layer is graded to avoid blocking holes from entering the ZnTe epilayer. If a more favorable VBO is used, then the Mg,,Zni-,,Te contining layer need not be graded and also the Mg concentration will be less for the same. barrier height, resulting in less strain. The width of the graded MgJn,-,Te region only needs to be thick enough to prevent electrons from tunneling through to the ZnTe substrate. We use 75 W in our calculations. Figure 10 shows the CBE and VBE for this device at forward biases of 0.0 and 2.0 V. Figure 11 gives the hole and electron charge densities at these same biases. Until the onset of electron injection, this device behaves in much the same way as the previous device. After the onset of electron injection, however, we see that the confining layer prevents electrons from entering the ZnTe substrate. In  Fig. 12 , the electron current densities for this device at a forward bias of 2.0 V show that, with the addition of the electron confining layer, the bulk recombination in the device is confined to the ZnTe epilayer. It will also be noticed that interfacial recombination comprises a significant portion of the total recombination in the device. Inter-facial recombination plays a larger role at small biases, and becomes less significant as the bias is increased. Quantitative calculations of radiative recombination rates and quantum efficiencies will depend largely on the specific properties of the interfaces in each device. 
D. Tunable band-gap LED
We lastly consider a device design that will allow the wavelength of light emitted from the device to be tuned continuously from the green to the blue wavelength regimes. This design was first proposed in Ref. 4. The basic idea behind the device is to have the radiative recombination occur in a MgJn, -,,Te layer, where y can be adjusted to obtain the desired band-to-band recombination energy. Figure 13 shows a schematic of the proposed device at flatband. Note that we have used the common anion rule in simulating this device, so there is no VBO between ZnTe and MgZnTe ternaries. This allows us to forego the grading of the Mg$nr-,Te confining layer that was needed in the previous device. Note that we do this for convenience and clarity of presentation only; the device concept does c-s-'$ 20- not depend on the validity of the common anion rule. Figure 14 shows the CBE and VBE of the device at 0.0 and 2.25 V forward bias. Figure 15 shows the hole and electron charge densities at these same biases. From these figures we see again that the graded Mg,Cd, -,Se layer enhances electron injection into the wider band-gap material, while spatially separating interfacial charge accumulations. Figure  16 shows the electron current densities for this device at a forward bias of 2.25 V. In this figure we see that all of the bulk recombination occurs in the MgJn,-,,Te epilayer. Thus, the wavelength of light emitted from this device can be varied from green to well into the blue wavelength regime, depending on the the Mg concentration used in the Mg,Znt-,Te epilayer. The tunable band-gap LED operates in much the same manner as the previous device presented above, with the exception that the wavelength of light emission is tunable from green to blue.
V. CONCLUSION
We present the numerical simulation and design of novel wide band-gap II-VI LEDs. The drift-diffusion , """"',',-"""""""".'."""""""""""I cilitates electron injection into the wide band-gap ZnTe layer. A further improvement on this design utilizes a Mgzn, -,Te confining layer which restricts bulk recombination to the ZnTe epilayer. Finally, we present a tunable band-gap LED, in which the bulk recombination occurs in a MgJn, -,Te epilayer. The Mg concentration then determines the wavelength of the light emitted from the device, which can be varied from green to well into the blue wavelength regime. model, modified to account for heterojunctions, is used in the simulations. All of the designs we present incorporate both n-CdSe and p-ZnTe. ZnTe is used because it is the only wide band-gap II-VI compound that can be conventionally dopedp type. CdSe, with its small lattice mismatch to ZnTe and its n-type dopability is then the logical compound to use for the formation of a II-VI pn heterojunction with ZnTe. A simple n-CdSe/p-ZnTe heterostructure is first analyzed. Simulation results for this design show high interface recombination rates and hole injection into the smaller band-gap CdSe layer. The CdSe/Mg,cdi-,Se/ ZnTe device proposed by Phillips et al., improves on the CdSe/ZnTe heterojunction design by incorporating a graded Mg$d, -$.3e electron injector. The addition of this layer significantly reduces interface recombination and fa- 
